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Abstract. For some future space power systems using high temperature nuclear heat sources most of the output energy
will be used in other than electrical form, and only a fraction of the total thermal energy generated will need to be
converted to electrical work. The paper describes the conceptual design of such a “partial energy conversion” system,
consisting of a high temperature fusion reactor operating in series with a high temperature radiator and in parallel with
dual closed cycle gas turbine (CCGT) power systems, also referred to as closed Brayton cycle (CBC) systems, which
are supplied with a fraction of the reactor thermal energy for conversion to electric power. Most of the fusion reactor’s
output is in the form of charged plasma which is expanded through a magnetic nozzle of the interplanetary propulsion
system. Reactor heat energy is ducted to the high temperature series radiator utilizing the electric power generated to
drive a helium gas circulation fan. In addition to discussing the thermodynamic aspects of the system design the authors
include a brief overview of the gas turbine and fan rotor-dynamics and proposed bearing support technology along with
performance characteristics of the three phase AC electric power generator and fan drive motor.

INTRODUCTION

Over the next few decades space based high temperature nuclear reactors, besides enabling interplanetary propulsion
and ample power generation in deep space, will also provide the heat sources for systems where most of the output
energy will be used in high grade thermal form. Yet such applications will still require that a fraction of the reactor
supplied thermal energy be allocated for conversion to continuous electric power output. Planetary surface
applications of such systems include high temperature multi-megawatt heat sources for chemical/metallurgical
processing of indigenous ore materials for production of oxygen and materials of construction. To transport high
grade heat (>1500 K) from the heat source to the chemical processing sites circulation pumps, compressors, or fans
will require work energy which can be obtained by partial conversion of the high temperature thermal energy into
electrical work energy.

For interplanetary propulsion applications using nuclear fission heated hydrogen propellant, also referred to as
“nuclear thermal” (NT) propulsion, or applications based on future nuclear fusion technology as discussed here, the
greater portion of the thermal energy will be applied to raise the temperature of the propellant. But to meet on-board
electric power requirements and to provide the work energy required to circulate “reactor coolant,” a part of the
generated thermal energy will need to be transformed into electrical energy via an arbitrary conversion cycle.

In contrast to the above type of energy conversion systems, power plants designed to provide maximum electric
power for planetary surface loads or “nuclear electric propulsion” (NEP) applications are based on energy
conversion systems, in which all of the thermal energy is made available to a thermodynamic conversion cycle. As
an example of a system of this type utilizing a “closed Brayton cycle” (CBC) power plant, the reader is referred to a
report by Juhasz et al., 1993. It should be noted, that due to Second Law limitations, even though a large portion of
the initial thermal energy is rejected by the conversion cycle, the heat is available at much lower temperatures than
required for the chemical processing applications mentioned above. For multi-megawatt space based systems where
the Brayton cycle reject heat is transferred to the space environment via thermal radiation, large radiating surface
areas will be needed.
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The objective of this work is to describe a high temperature heat removal scheme for power and propulsion systems
which require the major portion of their on-board generated thermal energy to be rejected directly to space while
converting a small fraction of this thermal energy to electric power needed for thermal transport power requirements
and various on-board energy demands.

DISCUSSION

In this paper a thermodynamic analysis of a Closed Brayton Cycle power system in a “partial energy conversion”
(PEC) configuration is presented. Such a PEC scheme was utilized in a number of evolving conceptual designs of
nuclear fusion propulsion systems. The latest of these concepts including a 2 MW, fission heat source (high
temperature pellet bed gas reactor, HTGR) coupled to a CCGT power system providing the electrical energy
required for fusion system start-up via “high harmonic fast wave heating” of plasma was described in detail by
Williams et al.., 2003. While the emphasis here is on the thermodynamic and heat transfer/rejection aspects of the
fusion propulsion system, some of its main components are briefly highlighted in the context of their influence on
the required thermal analysis.

Fusion Reactor Overview

The Magnetic Nozzle Section with a toroidal fusion reactor chamber is shown in Figure 1. To contain the high
indicated divertor (reactor) plasma temperature, in excess of 4000 eV, (>10 K), a superconducting YBCO (yttrium-
barium cobalt) magnet with 12 TF (toroidal field) and 7-PF (poloidal field) magnet coils is used to envelop the
toroidal chamber. The TF coils of ~9T field strength are to provide the needed toroidal confinement, while the PF
coils ensure plasma stability. After start-up the high plasma temperature is maintained by injection of 1 g/sec of
deuterium-helium 3 fuel pellets at 10 km/sec by use of a rail gun mounted to the 240 m long spacecraft structure.
Since YBCO maintains its superconductivity at temperatures to ~80K, LN, coolant flowing annular jackets around
the coils was utilized. The tremendous temperature gradient between the plasma and the liquid nitrogen coolant for
the magnetic coils is but one of the challenges for the thermal design.

Reservoir Exit
Temperature = 252 eV Exhaust Velocity = 347 km/sec
I Pressure = 0.545 MPa Isp = 35,435 Ibg sec/lby,
Slush Hydrogen Propellant Density = 1.35 « 1022/m3 Total Flow Rate = 0.080 kg/sec
Flow Rate = 0.079 kg/sec Magnetic Field= 12T

}17 Fusion Reactor :{: Magnetic Nozzle —>|

Divertor Throat
Temperature < 4,000 eV Temperature = 189 eV
Density (ion) < 2.0 « 1020/m3 Pressure = 0.265 MPa
Fuel Flow Rate = 0.001 kg/sec Density = 8.76 « 1021/m3

Magnetic Field = 0.82'T
Flow Velocity = 174 km/sec

Figure 1. Fusion Reactor — Magnetic Nozzle Section.
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Thrust is provided by 0.079 kg/sec of slush H, propellant added to the 1 g/sec fuel resulting in a total propellant flow
rate of 0.080 kg/sec which is heated to ~250 eV and accelerated via a magnetic nozzle. As shown, the propellant
exhaust velocity is approaching 350 km/sec. The resultant thrust of approximately 13 kN (~2900 lby) implies a
specific impulse of 3.5x10° m/sec, or 3.54x10* Ibs sec/lb,. Considering the IMLEO vehicle mass of 1690 MT, the
initial acceleration provided by the propulsion system will be about 0.8x10° G. As propellant is gradually
consumed during the mission the maximum acceleration/deceleration levels will nearly double.

Energy Flow Considerations

As shown in the energy flow diagram, Figure 2, the fusion reactor generates a total of about 7900 MW,
i.e. 7895 MW, of charged particle and neutron energy. Although it is understood that the four digit accuracy in the
energy balance values, being based solely on theoretical calculations, is beyond the control achievable in real
systems, in the interest of clarity, energy flow values will be quoted exactly as they are shown in the figure.

A major portion of the reactor total, namely 6037 MW is utilized directly in the magnetic nozzle in the form of
deuterium and He ions (alpha particles), and protons and electrons to maintain the thrust power beam. Of the
remaining nuclear radiation energy, 1858 MW, nearly two thirds, or 1215 MWt was changed to heat (thermalized)
by conversion of Neutron energy, Bremsstrahlung, and Synchrotron radiation. This thermalization was taking place
at (a) the TF/PF Coils, (b) the Inboard Assembly, and (c) the First Wall. Unavoidable losses in the thermalization
processes allowed for direct radiation of 643 MW to be transferred to space by neutron emission (104 MW),
Bremsstrahlung (272 MW), and Synchrotron radiation (267 MW). The next section will focus on the processing of
the 1215 MWt of thermal energy flow, or thermal power.

Reactor
Fusion 7,895
Charged 7,588 - .
Neutron 307 L > N[ng_n_t:lllc
Injected 0 oree
Total 7.895
535 1,016 307
Y
43
<% I : 366
< Neutron F— 5| TF/PF coils ——>
to space \ ’ 87 High
272 | | 323 > Inboard 444,_’__ Temperature
- I Bremsstrahlung | > Assembly Radiator
64 357
267 Y | 268 > First Wall 305
Synchrotron u > trst a -
L
Oy
Brayton Power
Conversion
24»“« S\f 6?‘"

Coolant and Propellant
Pumping

Low Temperature

Auxiliary Radiator

Figure 2. Energy Flow Diagram — (MW).
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Fractional Energy Conversion and Reactor Cooling

The thermal design challenge posed by high heat fluxes and temperature gradients was already pointed out above.
High heat flux forced convection heat transfer resulting from high velocity gas flows through narrow flow passages
resulted in reactor heat output of 1215 MWt available at an exit He gas temperature of 1700 K. Although conversion
of the entire thermal energy available at approximately 31 percent efficiency would provide about 375 MWe for
meeting electric power demand of a future planetary colony, the total on-board power requirement for the
interplanetary spacecraft discussed here was only about 5 MWe. Moreover, generating 375 MWe via a non-
regenerated CCGT energy conversion system with a 1700 K turbine inlet temperature and 31 percent thermal
efficiency would require about 130,000 m* of total radiator area. Using a regenerated cycle with 41 percent
efficiency could lead to somewhat reduced radiator area and mass reductions in major subsystems. However, the
added regenerator mass of about 80 MT would negate any gains in overall system mass reduction. Thus for either
cycle the mass penalty of at least 200 MT (metric tons) would severely impact the mission.

To resolve the problem it was decided to provide a high temperature fusion reactor cooling loop in parallel with two
counter-rotating non-regenerated CBC power systems as shown in Figure 3. Of course this scheme requires that the
thermal energy generated in each of the 12 reactor TF coils is equal, thereby insuring the same gas exit temperatures
at each coil. This heat balance should also be reflected in the mass flow rate fractions through the coils. Mounting
the two CCGT units, referred to as “turbosets,” in a counter-rotating configuration achieves a cancellation of
gyroscopic torques arising from the rotational inertia of the turbo-alternator rotors. The cycle layout, performance,
and state points were generated by use of an enhanced version of the BRMAPS code generated by the author, and
used previously for analysis of a CBC system with a high temperature pellet bed reactor heat source
(Juhasz et al., 1993).

= 1119 MW y o R .
. L ogr K 7.29 MPa \
9000 rpm CW ﬂ
High D
Temperature Motor ‘ ];;w
ST l ressure
g [ 23.6 MWE 1 Ratm Fan
4070 m2
1700 K 998 K| |7.54
= 5, MPa
1119 MW, 7.50 MPa 4 MWe
14.5 MW, - for on-board loads
& 1700K "\
48 MW, i 14.5 MW,
Generaior Reactor Generator

Compressor ]1 4 5 MW

—

—_—

_-
1

1215 Mw, | Turbine figgisinpgy Jf| Compressor

* H 36,000 rpm CCW |

} 36,000 rpm CW ‘{

n
| &l
_ 13.2 kg/sec ; 753MPa /| | |\ 7.53 MPa 13.2 kg/sec i$i436 K
997 K 997 K 1.51
486K | 1.51 MPa ; | MP:
1.56 MPa | 966 K 966 K | | | Ve
997 K
7.53 MPa

Closed
Brayton Cycle

306.4 kg/sec

Brayton Cycle

Radiator
5000 m2

Q= 32.8 MW,
N

Radiator

5000 m2

Q; =328 MW,

Figure 3. Heat Rejection and CBC Systems.
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The dual CCGT systems utilize about 95 to 100 MWt, about 1/12th of the total thermal power, equivalent to the heat
output from one of the 12 TF coils, to generate 29 MWe electric power, of which 23.6 MWe are supplied to a GHe
fan drive motor. The remaining ~5 MWe power output are available for on-board housekeeping and miscellaneous
energy requirements. The fan power requirement is dictated by the total reactor cooling flow (306 kg/sec) and the
fan pressure ratio which, in turn, is determined by the system pressure loss calculated at ~3.7 percent based on
friction losses at flow Mach numbers of ~ 0.25. Note that the momentum pressure loss in the reactor is compensated
by the momentum rise in the radiator cooling duct. The CBC reject heat of about 32.8 MWt for each of the dual
turbine power systems is transferred via the He cycle working fluid to the two CBC HP (heat pipe) radiators. To
accommodate the large gas temperature drop from the 966 K radiator inlet temperature to the 486 K compressor
inlet temperature a zoned heat pipe radiator design is used as proposed by Juhasz et al. (1993) and presented with
additional detail in later publications (Juhasz, 2001 and Juhasz, 2002). A more detailed description of the CBC
cooling scheme is given next.

As shown (Figure 3), the GHe low pressure ratio (1.04 to 1) fan circulates 306 kg/sec of helium to provide for the
major portion of the reactor heat removal (~1120 MWt). The fan output GHe stream at 997 K is ducted to the fusion
reactor where it is equally split into parallel streams which absorb thermal energy from 11 of the 12 TF coils. As
indicated above, the 12th coil is cooled by the combined CBC compressor exit flows which also enter the reactor at
997 K. The 12 TF coil reactor coolant flows exit at 1700 K. The flow from one TF coil is split and directed in equal
amounts (13.2 kg/sec) to the CBC turbines. But the major potion of the reactor cooling flow (306 kg/sec) is ducted
to the high temperature radiator. Inside central channels of this radiator the gas is forced to flow over the evaporator
sections of Li heat pipes, whose external condenser sections on both sides of the central channels are provided with
high thermal conductivity, high emissivity fins for rejecting heat to the space environment by thermal radiation. In
the downstream portion of the radiator duct, where the He temperatures drop below 1300 K, sodium and potassium
heat pipes are used in a zoned HP radiator configuration as mentioned above.

Closer examination of Figure 3 also shows that the total radiator area, including 5,000 m* for each of the two CBC
power systems and 4070 m® for the high temperature radiator, is approximately 14,100 m*. Thus the “fractional
conversion” scheme requires an overall heat rejection radiator area which is only about 11 percent of the area quoted
above. The reader should also note that the 4070 m” of high temperature radiator is capable of rejecting over
1100 MWt, whereas the CBC radiators each require about 5000 m?, even though they only reject about 33 MWt.
The obvious explanation is that the average surface temperature of the high temperature radiator is a factor of
2.4 higher than the average CBC radiator temperatures. And since the heat radiated, Qr, is proportional to the fourth
power of the radiating surface temperature, Tr, the high temperature radiator will reject per unit area more than
33 times the heat rejected by the CBC radiators.

For the record, it should be mentioned, that the radiator areas quoted above include a redundancy factor of 1.2. This
means that allowance is made for a 20 percent loss of heat rejection surface area due to micro-meteoroid punctures
and miscellaneous orbital debris hazards during the life of the fusion propulsion system. The assumption is that only
the finned heat pipe condenser sections which comprise the entire radiating surface area will be vulnerable to the
hazards referred to above. Moreover each puncture takes out no more than the surface area associated with one heat
pipe at a time. Of course there is no radiator loss of radiator area, if only the fin area is punctured and no heat pipe
working fluid is lost. But the radiator area calculations also include the assumption of bumper protected central
channels which carry the reactor cooling GHe and CBC working fluid helium flow. Table 1 summarizes salient
performance parameters presented in this section.

TABLE 1. Coolant Systems Characteristics.

Parameter Design Value Parameter Design Value
Number of coils 12 CBC generators 30 AC, 600 Hz
Superconductor material YBCO Fan motor 3® AC, 600 Hz
Pressure level, MPa 7.5 Fan power (MW,) 23.6
Cooling (working) fluid GHe Fan efficiency (percent) 92
Temperature, reactor in (K) 997 Fan type Axial, single stage
Temperature, reactor out (K) 1700 Fan speed (rpm) 9000
Mass flowrate, radiator (kg/s) 306 System pressure loss (percent) 3.7
Mass flowrate, 2 CBC (kg/s) 26.4 CBC loop power (MW,) 14.5
Radiator type C-C heat pipe CBC rotor speed (rpm) 36,000
High temperature radiator area (m?) 4070 CBC radiator area (m?) 10,000
Coolant system mass (MT) 11 CBC system mass (MT) 30
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An important observation regarding the
A characteristics and specifications for the CBC

based cooling system is that even though the
total radiator area with the fractional
conversion was system was reduced
significantly, the radiating surface area
requirement still dominates the overall layout
of the overall propulsion vehicle as shown in
Figure 4. A central truss serves as the structural
support for all major subsystems. Of the 240 m
vehicle length between the crew compartment
and the magnetic nozzle, the radiators account
for more than half of the truss structure, and
the 60 m vehicle width is set by the radiator
area requirements.

=SB S|

Brayton Cycle
Radiators —— =

sl it 7y

Concerning the relatively high material surface
temperatures (~1600 K) existing at the radiator
entrance area, and the much higher fusion
reactor wall temperatures up to 1800 K, use of
240 m refractory metal alloys engineering ceramics
such as SiC, Si3 N4, and oxides of aluminum,
zirconium, and magnesium are required. Even
higher peak cycle temperatures (~2000 K)
should be enabled by 3 D C-C (carbon-carbon)
composites as reported by Hsu and Chen, 1989.

Reactor Coolant
Radiators ———

Rotating Components
Propellant
Cryo-Tankage ———— Although the principal focus on this conceptual
cooling scheme design for a high temperature
fusion propulsion system has been on its
thermal energy transfer and conversion aspects,
it is understood that once the concept matures
to the preliminary design stage, detailed
attention will need to be devoted to the rotor
dynamic and bearing support considerations, as
presented in pertinent papers and textbooks in
Y this field. Prime examples of textbooks in this
discipline are (Vance, 1988) and (Adams,
Figure 4. Dimensional Layout of Fusion Propulsion System. 2001). Stable, vibration-free rotor operation
will require the latest developments in bearing
technology, particularly magnetic bearings (Provenza et al., 2003) which offer lubrication-free high temperature
service and built in health monitoring capability. With most of the development work on magnetic bearings focused
on aircraft engine service at Earth gravity (1 G) or higher environments, their lifetime reliability for the reduced G
levels in space propulsion applications should be significantly higher. This would counteract the potentially longer
rotor spans between bearing supports arising from the comparatively lower working fluid molecular weight of GHe
machines, thus requiring the number of axial stages for a given pressure ratio to be higher than for aircraft
propulsion plants which utilize working fluids consisting of air and hydrocarbon fuel combustion products.
Fortunately the optimum pressure ratios for closed cycle GHe with turbine inlet temperatures up to 1700 K will be
less than 3:1, and less than 6:1 for regenerated and non-regenerated cycles, respectively, whereas aircraft open cycle
power plants (all non-regenerated) for wide body commercial transport planes may operate at pressure ration up to
40:1. Nevertheless rotordynamics and bearing design considerations will need to be incorporated along with
thermodynamic and heat transfer aspects in generating a final design.

Brayton Power
Conversion ————=

Spherical Torus
Fusion Reactor ————m

Magnetic Nozzle ———
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CONCLUSIONS

In this paper a high temperature fusion reactor cooling system concept based on fractional conversion of the high
temperature heat source to electrical energy was proposed. In this concept a sufficient fraction of the available
thermal energy is converted to provide the necessary cooling fluid circulation for transporting the high grade heat to
one or more high temperature radiators so it can be rejected to the space sink.

The energy conversion fraction can be tailored to provide additional electric power above that dictated by the
cooling requirement for arbitrary on board applications. Using the cooling scheme proposed for the high temperature
fusion reactor cooling application presented in this paper, radiating area requirements were reduced from over
130,000 square meters for an unneeded 375 MW, system to 14,000 square meters for the system tailored to the
particular application.

Planetary surface applications of the fractional energy conversion concept and its derivatives may include a variety
of uses. Among these are chemical processing plants, metallurgical smelting and refinement of indigenous ores, and
production of “life” supporting gases, including oxygen and hydrogen.
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